The XIST RNA is a non-coding RNA that induces X chromosome inactivation (XCI). Unlike the mouse Xist RNA, how the human XIST RNA controls XCI in female cells is less well characterized, and its functional motifs remain unclear. To systematically decipher the XCI-involving elements of XIST RNA, 11 smaller XIST segments, including repeats A, D and E; human-specific repeat elements; the promoter; and non-repetitive exons, as well as the entire XIST gene, were homozygously deleted in K562 cells using the Cas9 nuclease and paired guide RNAs at high efficiencies, followed by high-throughput RNA sequencing and RNA fluorescence in situ hybridization experiments. Clones containing en bloc and promoter deletions that consistently displayed no XIST RNAs and a global up-regulation of X-linked genes confirmed that the deletion of XIST reactivates the inactive X chromosome. Systematic analyses of segmental deletions delineated that exon 5 harboring the non-repeat element is important for X-inactivation maintenance, whereas exons 2, 3 and 4 as well as the other repeats in exon 1 are less important, a different situation from that of mouse Xist. This Cas9-assisted dissection of XIST allowed us to understand the unique functional domains within the human XIST RNA.
INTRODUCTION
Xist is a functionally well-known nuclear long non-coding RNA (lncRNA), the role of which has been studied through its ablation that leads to female-specific lethality in the early embryonic development of mice (1) (2) (3) (4) (5) (6) . Murine Xist encodes a spliced transcript comprising seven exons; the first and last exons contain embedded repeat elements (A-E), whereas the internal exons appear more conserved than others. Xist is specifically localized on the inactive X chromosome (Xi) forming an Xist cloud (7, 8) , and its expression is sufficient for X chromosome inactivation (XCI), the dosage compensation mechanism of the two X chromosomes during female embryo development in mice (9) . A series of deletions of the Xist gene demonstrated that repeat A is the most critical element for gene silencing on the X chromosome (10) , and repeat E contributes to Xist localization to the Xi (11, 12) .
The human homolog, XIST, encodes an ∼19 kb-long spliced and polyadenylated lncRNA (13) . Whereas only 10 or so genes escape from XCI in mice, 100s of genes are expressed from the Xi in humans (14) , suggesting that human XCI might be less strictly enforced. This epigenetic instability in human XCI was shown using inducible XIST in human cells (15) , raising the possibility that modulation of XIST function from the endogenous locus might reactivate some Xi genes. In addition, XIST-induced chromatin modification status can vary depending on the marker in different human cell lines; in HEK293 cells, H3K27me3 and H4K20me1 appear visibly enriched upon XIST induction. In contrast, enrichment of H3K27me3 was not detected in HT1080 cells (15) .
Although deletions of the identified human XIST repeat A element were carried out to monitor the expression changes of X-linked genes (15, 16) , the introduction of segmented XIST constructs with a reporter system showed expression changes of proximal reporter genes and only a few distant genes but no other X-linked genes. Furthermore, the ectopic expression of partial XIST constructs could be hindered by the expression of endogenous XIST, suggesting that segmental deletions of the endogenous XIST gene are necessary for unambiguously identifying XCI-related elements. Recently, paired guide RNAs (gRNAs) and the CRISPR/Cas9 nuclease system have been used to efficiently delete genomic regions (17, 18) including lncRNA genes (19, 20) . One study deleting the XIST repeat D element by using a single guide RNA (sgRNA) and Cas9 claimed that the deletion of repeat D led to a reactivation of X-linked genes (21) . However, the validation for reactivation was carried out for only six X-linked genes and not for global Xlinked genes, indicating that global changes of all X-linked genes must be examined with systematic deletions of the endogenous XIST gene.
In this study, we designed sgRNA pairs for en bloc and 11 segmental deletions of the human XIST gene. The analyses of RNA fluorescent in situ hybridization (FISH) and RNAseq on clones containing segmental and whole deletions (WD) unbiasedly revealed functionally important RNA domains of the XIST RNA. Although the repeat elements in exon 1 appeared to be less important or not required for XCI maintenance, deletions of the repeats resulted in a decrease in XIST RNA levels that might directly mediate a slight elevation in the expression of X-linked genes. Instead, the conserved exon 5 that includes the non-repeat element appeared to be important for X-inactivation maintenance. Repeat E in exon 6 appears important for proper maintenance of the XIST cloud. Our results may provide useful guidelines for the design of sgRNA pairs for the efficient knockout of other lncRNA genes as well as providing a further understanding of the functional mechanism of XISTinduced XCI in human cells.
MATERIALS AND METHODS

Selection of paired sgRNAs for gene knockout
To design sgRNAs for deleting whole and segmental loci of genes, all candidate sgRNA target sites with a protospacer adjacent motif (PAM; 5 -NGG-3 ) near the XIST were initially identified. For efficient deletion, all sgRNAs for the candidate target sites were evaluated with our scoring system (LINDEL score; see Supplementary Data for more details). sgRNAs with high efficiency, satisfying the following criteria: a Shannon entropy ≥0.7, a free energy greater than −4 kcal/mol and a LINDEL sgRNA score ≥0.3, were selected. Among the potentially efficient sgRNAs, we chose sgRNAs with a low probability of off-target effects (up to six mismatches using a genome-wide alignment and a previously reported off-target prediction program (22) ). For each targeted loci, two sets of paired sgRNAs were randomly evaluated and a pair of sgRNAs with a high indel efficiency were finally selected using the T7E1 assay (see Supplementary Data for more details) on genomic DNA isolated from K562 cells transfected with plasmids encoding Cas9 and sgRNAs (Supplementary Table S1 ). The cells were treated with puromycin to enrich for transfected cells before analysis. The sgRNA pairs that led to higher mutation frequencies, ranging from 21 to 61% were selected for subsequent knockout studies.
Transfection of plasmids encoding Cas9 and sgRNAs
Cas9 and sgRNAs were expressed using the CMV promoter-driven Cas9-2A-mRFP-2A-Puro plasmid (hereafter, Cas9-puro vector) and the hU6-sgRNA plasmid, respectively. The plasmids were purchased from Toolgen (Seoul, South Korea); the full sequences of these vectors are described in Supplementary Data and the vector maps are shown in Supplementary Figure S1b and c. Oligonucleotides containing each target sequences were synthesized (Bioneer, Seoul, South Korea) and annealed in vitro using a thermocycler. The sgRNA-encoding vector (pRG2-CT), which was purchased from Toolgen, was digested with BsaI and ligated with annealed oligonucleotides. Oligonucleotide sequences are listed in Supplementary Table S2 . Cells were transfected with plasmid mixtures containing Cas9-puro, U6-sgRNA encoding one member of an sgRNA pair and U6-sgRNA encoding the other member of the sgRNA pair at a weight ratio of 1:1:1 using Neon (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. One day after transfection, puromycin (Cat no. A11138-03, Invitrogen, Carlsbad, CA, USA) was added to the culture media at a final concentration of 2.5 g ml −1 and cells were cultured for two days. Three days after transfection, the cells were analyzed.
Cell culture
K562, a human erythromyeloblastoid leukemia cell line was purchased from the American Type Culture Collection (Manassas, VA, USA) and cultured in Roswell Park Memorial Institute medium (Invitrogen, Carlsbad, CA, USA), supplemented with 100 units ml −1 penicillin, 100 g ml
streptomycin and 10% fetal bovine serum.
Analysis of single cell-derived clones
To obtain single cell-derived clones containing the deletion, we plated the transfected cells into 96-well plates at an average density of 0.25 cells/well. Fourteen days after plating, individual clones were isolated and analyzed using gel electrophoresis of polymerase chain reaction (PCR) products amplified from genomic DNA to check if the clones have a deletion and the wild-type allele. We next sequenced the PCR products derived from the clones containing targeted deletions to check if the two cleavage sites were joined with the generation of small insertions or deletions (indels) in all the clones.
Sequencing analysis
Sequencing of genomic regions including the target sequence was performed as previously described (23) . Briefly, PCR amplicons that included the junction regions of the deleted lncRNA target sites were cloned into the T-Blunt Table S3 ). Oligo probes recognizing XIST, NEAT1 and the two Xlinked genes MAGEB2 and PIR were designed using the Primer3 website and manually selected. Amine-ddUTP was added to pooled single-stranded DNA oligos (synthesized by Integrated DNA Technologies, Coralville, IA, USA) by terminal transferase (New England Biolabs, Ipswich, MA, USA). After phenol extraction and ethanol precipitation, oligos were resuspended in 0.1 M sodium borate. Dyeconjucation was perfomed with NHS-Cy3B (GE Healthcare) or Alexa647 (Thermo Fisher Scientific) at room temperature overnight. Labeled oligos were ethanol precipitated, resuspended in DEPC-H2O and checked by Nanodrop.
qRT-PCR
RNA-seq data analysis
Strand-specific libraries of poly(A)-selected RNAs from XIST knockout and parental cells were constructed using the Truseq stranded messenger RNA (mRNA) prep kit (Illumina, San Diego, CA, USA), after which RNA-seq was performed at Macrogen (Macrogen, Seoul, South Korea). RNA-seq reads were mapped to the human reference genome (hg19) using TopHat version 2.0.6 with mapping parameters '-segment-length 50 -max-multihits 1 -librarytype fr-firststrand -mate-inner-dist 125 -mate-std-dev 125 -read-realign-edit-dist 0 -min-intron-length 61 -max-intronlength 265006 -max-segment-intron 265006 -min-segmentintron 61'. To examine gene expression changes between parental (based on GENCODE annotation version 19) and knockout cells (based on the resulting transcript models), the logarithm base 2 of reads per million (RPMs) or reads per kilobase of exons per million (RPKM) for each gene were calculated using an in-house python script. For the mutated XIST gene, the RPKM was calculated with the length of the mutated XIST RNA. The genes with <1 RPM in the parental cell line were filtered out and RPM values of <1 in the knockout cells were replaced as 1. Using the junctions reported by TopHat, the splicing patterns were predicted with the number of alignments spanning the junctions.
Reactivation of X chromosomes
The degree of reactivation of the XIST knockout cells were calculated by summing up the positive fold-changes of genes on the p-arm of chromosome X, using chromosome 10 as control. Genes with a fold-change above 1.5 were scored as up-regulated genes.
Whole genome sequencing and variant calling
Genomic DNA was extracted from parental K562 cells using the Wizard DNA extraction kit (24) and prepared for DNA sequencing library construction. A paired-end library with inserts of ∼300 bp was constructed using protocols from Illumina (Illumina, San Diego, CA, USA). The constructed library was sequenced using the Illumina Hiseq2000 platform. After whole genome sequencing (WGS) of the parental cells was performed, the reads were mapped using BWA version 0.7.10-r789, duplicates were marked with Picard version 1.96, realigned based on the presence of an insertion or deletion and the quality scores recalibrated using GATK version 3.4. The variants were called using GATK HaplotypeCaller version 3.4.
Allele-specific expression analysis
Among the called single nucleotide polymorphisms (SNPs), only heterozygous SNPs were filtered by allele frequencies from WGS data. The regions of the haplotypes were predicted by using the '-bamOutput' option of GATK HaplotypeCaller. For each position of the filtered SNPs, the expected minor allele frequencies (MAFs) of the XIST knockout and parental cells were calculated by the number of reads from the RNA-seq. If the multiple SNPs are located within the same haplotype block, the average of the MAFs were calculated. The difference in MAFs was also calculated by subtracting the MAFs of parental cells from the MAFs of XIST knockout cells. Based on the MAFs of the XIST knockout and parental cells, the genes having haplotype blocks that changed from homozygous to heterozygous were selected.
RESULTS
En bloc deletion of the XIST gene
We first attempted to delete XIST in its entirety (including transcription factor binding sites (TFBSs)) by inducing paired DNA double-strand breaks using the CRISPR-Cas9 system in human K562 cells ( Figure 1A ), which are female diploid cells containing two X chromosomes (25) (Supplementary Figure S1a ). After transfection with plasmids encoding Cas9 (Supplementary Figure S1b) and the sgRNA pairs selected using the T7E1 assay (Supplementary Figure S1c and d; see 'Selection of paired sgRNAs for gene knockout' in the 'Materials and Methods' section for more details), isolated genomic DNA was subjected to a PCR to detect the targeted deletion. Gel electrophoresis revealed PCR amplicons of ∼1550 bp ( Figure 1B , XIST), which were not observed in samples from untransfected cells, suggesting that the two target sites were joined after the intervening regions were deleted.
To obtain single cell-derived clones containing the deletion, we plated the transfected cells into 96-well plates, after which individual clones of the transfected cells were isolated and analyzed (see 'Analysis of single cell-derived clones' in the 'Materials and Methods' section). Gel electrophoresis of PCR products amplified from genomic DNA showed that 5 out of 16 randomly examined clones (31%) contained targeted deletions (Supplementary Figure S1e) . However, due to incomplete survival of cells during growth to a clonal population, the deletion efficiency could be overestimated. Among the five clones containing the deletions, two of the XIST knockouts (clones 10 and 13, XIST −/− ) did not contain the wild-type allele ( Figure 1C ), indicating biallelic deletions in these clones. We next sequenced the PCR products derived from the clones containing targeted deletions. The Sanger sequencing results confirmed that the two targeted sites were joined (Supplementary Figure S1f) , corroborating that the intervening segment of 30.9 kb was deleted from XIST with small insertions or deletions (indels) at the junctions in all of the clones (Supplementary Figure S1f) .
To examine the effects of a complete XIST deletion, we conducted RNA FISH using a probe recognizing exon 1 in the parental cells and the two XIST −/− clones, 10 and 13. Unlike the situation in parental WT K652 cells, the XIST clouds were absent in the clones with an en bloc XIST deletion ( Figure 1D and E), suggestive of XIST lossof-function. To examine the expression of XIST RNA in clones containing the en bloc deletion, we isolated poly(A)-containing RNAs from parental cells, mock transfected cells and two biallelic knockout clones (clones 10 and 13), and performed quantitative RT-PCT (qRT-PCR) and RNA-seq. Compared to mock-transfected control cells, which showed a normal level of XIST RNA, the two knockout clones displayed no XIST expression detectable by qRT-PCR ( Figure 1F ) and few RNA-seq reads in the targeted regions ( Figure 1G ), suggesting that the loss of XIST clouds resulted from the deletion of the entire transcriptional unit.
Segmental deletions of human XIST
A complete deletion of a lncRNA gene could also remove unknown DNA regulatory elements within the lncRNA gene. It is often difficult to distinguish whether the resulting phenotype is caused directly by the depletion of the lncRNA per se or indirectly by loss of the regulatory DNA elements (such as enhancers) that modulate expression of another gene. Moreover, a complete deletion cannot pinpoint the functionally important lncRNA sequences. Therefore, segmental deletions could be a good option for studying any functional domains within a lncRNA. We first set out to delete eight different segments of the XIST gene, SD1 to SD8, each of which includes a part of an exon, a whole exon, or multiple exons (Figure 2A and Supplementary Figure S2a ). To examine the role of the repeat elements of exon 1, we also targeted three additional repeat elements: A (SD9), D (SD10) and B+C (SD11) of exon 1 ( Figure 2A and Supplementary Figure S2e) . Repeat F was not targeted due to its close proximity to other repeats (it is located between repeats A and B). Using the same procedure as described for the complete deletions, we transfected sgRNA pairs that resulted in higher mutation frequencies (Supplementary Figure S2b and f) , examined the expected sizes of deletion-recognizing PCR amplicons and confirmed the presence of targeted segmental deletions (Supplementary Figure S2c and g ). The numbers of clones that contained targeted segmental deletions of the XIST gene ranged from 4 to 27, which corresponded to 14-75% of the examined clones ( Figure 2B ; Supplementary Figure  S2d Table S5) .
To examine the effects of segmental deletions, compared to that of the WD, we also performed single molecule RNA FISH (with probes recognizing XIST exon 1 or 6 that detect regions outside of the deleted region in each clone) on clonal populations of cells containing each deletion (Figure  2A and H; Supplementary Table S6 ). When we examined about a hundred cells per clone and determined how many contained an XIST cloud, we found that the cell fractions were bimodally distributed (Supplementary Figure S7a) . If more than 50% of the cells displayed an XIST cloud, we defined the clone as one with XIST clouds. The XIST clouds displayed in the control clone containing no deletions (Figure 2D) were absent in the clone that contains a segmental deletion of a promoter region (SD5; Figure 2E ). On the other hand, many clones containing non-promoter segmental deletions (SD3, 4, 6 and 10) displayed XIST cloud formation ( Figure 2F and Supplementary Figure S5) . The other deletions (SD1, 2, 8, 9 and 11) affected XIST cloud formation differently, depending on the indel ( Figure 2G and Supplementary Figure S5 ). SD1 clone 14 (designated SD1-14), SD2-2, SD7-10, 30, SD8-11, SD9-33 and SD11-7 lacked XIST clouds ( Figure 2H and Supplementary Figure  S5) . 
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Non-promoter segmental deletions may mediate either alternative splicing or RNA decay
Because XIST clouds were absent in the clone containing a promoter deletion and in several other clones containing non-promoter deletions, we conducted qRT-PCR and RNA-seq to examine the levels of expression of XIST and other X-linked genes in these clones compared to that in the control clone ( Figure 3 and Supplementary Figure S6) . No signs of XIST transcripts were detected in any of the promoter-deleted clones (SD5) by qRT-PCR or RNA-seq ( Figure 3E and Supplementary Figure S6e) , suggesting that the promoter deletion leads to transcriptional inactivation of XIST. In contrast, the non-promoter segmental deletions seem to either affect RNA decay or induce alternative splicing according to the type of repair (seamless or indel formation) that had occurred during non-homologous endjoining ( Figure 3A -D and F-K); these effects perhaps resulted from RNA quality control (26) and alternative splicing using cryptic splicing sites during post-transcriptional regulation of the lncRNA. For instance, the majority of segmental deletions of the XIST gene induced alternative splicing, some of which used cryptic splice sites (clones SD1-4,29; SD2-6; SD3-2,7; SD4-4; SD6-7,10; SD7-27; SD9-33,42; SD10-2; SD11-2; Figure 3 ). Intriguingly, a similar alternative splicing pattern was caused by deletion of repeat A (SD9) in mouse cells (27) . Some clones containing segmental deletions exhibited heavily reduced XIST levels (SD1-14; SD2-2; SD4-4; SD7-10; SD9-33; SD11-7; Figure 3 ), whereas other clones containing such deletions expressed XIST at levels that were slightly reduced or comparable to that of the control (SD1-4,29; SD2-6; SD3-2,7; SD4-9; SD6-7,10; SD7-27; SD8-6,7; SD9-42; SD10-2; SD11-2; Figure 3) . Analysis of the RNA-seq reads mapped to the XIST locus indicated that XIST cloud formation relied on RNA expression (Supplementary Figure S7) . For instance, the loss of XIST clouds in SD1-14 resulted from an ∼25-fold reduction of XIST RNA compared to that of the parental cells ( Figure 3A) . However, SD1-4 and -29, containing similar genomic deletions (Supplementary Figure  S4a) , displayed XIST clouds, which resulted from alternatively spliced forms of XIST RNA expressed at levels comparable to that in the parental cells ( Figure 3A) . Similarly, SD9-33 lost XIST cloud formation as a result of a reduction in XIST RNA levels ( Figure 3I ), whereas SD9-42, containing a similar genomic deletion (Supplementary Figure  S4i) , formed XIST clouds ( Figure 3I ). In addition, clones SD2-6, SD3-2,7 SD4-9, SD6-7,10, SD8-6,7, SD10-2 and SD11-2, which displayed XIST clouds, expressed alternatively spliced forms of XIST at similar or decreased levels compared to the control (Figure 3) .
Although some clones (SD4-4; SD9-33; SD11-7) containing deletions of repeat elements expressed XIST at heavily reduced levels, others (SD4-9; SD9-42; SD10-2; SD11-2) expressed XIST at levels that were only slightly reduced or comparable to that of the control (Figure 3) . A previous mouse Xist study, in which conserved repeat elements were deleted, showed that repeats A and B are essential domains for Xist localization and silencing functions (10, 28) . More recent studies showed that the repeat E element of mouse Xist is essential for the localization of Xist RNA to the inactive X chromosome (Xi) (11, 12) and for the expression of escape genes in the inactive X chromosome during XCI (29) . In fact, SD4-4, which contains a deletion of exon 4, 5 and 6 including repeat E, expressed a lower level of XIST but displayed a scattered XIST RNA localization pattern ( Figure 3D and Supplementary Figure S5f) , as reported in a previous Xist repeat E study (11, 12) . Because SD6 clones containing deletions of exon 5 and SD8 clones containing partial deletions of exon 6 that do not include repeat E displayed normal XIST clouds, the abnormal XIST clouds in SD4-4 cells could result from the deletion of repeat E. While we failed to detect the wild-type allele in SD4-9, our RNA-seq and RNA FISH results (Supplementary Figure  S5f) suggested that SD4-9 may have a heterozygotic deletion on the active X chromosome, explaining the difference of XIST cloud morphology between SD4-4 and SD4-9. In addition, about half of the cells in SD9-42, which contains a deletion of repeat A, formed XIST clouds ( Figure 3I ), indicating that repeat A is involved in cloud formation. However, other clones containing deletions of repeat D (SD10-2; Figure 3J ) or repeat B+C (SD11-2; Figure 3K ) exhibited XIST cloud formation, indicating that repeats D and B+C are dispensable for this process.
Functional domain deletions that lead to up-regulation of X chromosome-linked genes
To check whether biallelic XIST deletion can lead to reactivation of an inactivated X chromosome, expression differences between X-linked genes across the X chromosome in mock transfected controls and clones with different biallelic deletions were analyzed ( Figure 4A ). The clones containing a WD of XIST displayed globally elevated transcription signals across the X chromosome (except for part of the qarm) but not for chromosome 10, which is similar in size to the X chromosome ( Figure 4B and Supplementary Figure  S8) . The reactivation of the X chromosome by whole XIST deletion was also observed in clone 12, which contains a segmental deletion of a promoter region, although the q-arm region was slightly down-regulated in this clone ( Figure 4B and Supplementary Figure S8) .
To identify functional domains of the XIST RNA involved in XCI, clones expressing XIST RNAs with specific segmental deletions were examined for the reactivation of the X chromosome (Supplementary Figure S8) . To quantify the reactivation of the X chromosome, the sum of the upregulation (positive values of log 2 fold-changes) on the parm of the X chromosome was calculated in clones containing whole and segmental deletions, and was normalized to that of control clones transfected with scrambled sgRNAs and Cas9 (Figure 4C and D) . Clones containing WD and promoter deletions (SD5), and clones in which XIST expression was almost completely depleted by segmental deletions (SD11-7, SD1-14 and SD9-33), showed comparable reactivation of X-linked genes ( Figure 4D ). Clones in which XIST RNA was moderately decreased by segmental deletions (SD4-4, SD10-2 and SD2-6) showed moderate reactivation of X chromosomes ( Figure 4D ). In contrast, clones in which XIST is expressed at levels comparable to that of the control (SD1-4, SD1-29, SD3-2, SD3-7, SD8-6, SD8-7 and SD9-42) displayed no reactivation, indicating that the 3 part of exons 1, 2, 3 and 4, as well as repeat A, appear not to be required for XCI maintenance. However, clones (SD6-7 and -10) that express exon5-skipped XIST RNAs at levels similar to that of the control and display XIST cloud formation showed a reactivation of X-linked genes ( Figure 4D ), indicating that exon 5 is required for XCI maintenance but not for XIST cloud formation. In addition, SD11-2, which contains a deletion of repeat B+C, expressed XIST splicing isoforms at levels similar to that of the control ( Figure 3K ) but showed a moderate reactivation of X-linked gene expression ( Figure 4D ), indicating that repeat B+C may also be important for XCI maintenance.
Chromosome-wide heterochromatinization of the Xi is one of hallmark of XCI. These modifications include H3K27me3 and H2AK119ub, among others. Understanding how Xist RNA recruits chromatin modifying complexes has been a topic of intense interest in the field. However, K562 cells do not appear to have visible H3K27me3 enrichment on the Xi, compared to elsewhere in the nucleus (Supplementary Figure S9a ). To confirm our conclusion, we reanalyzed a dataset from a recent publication in which K562 cells were used in a genomics experiment (30) . Although a lack of allelic information might bias our interpretation, we failed to find any significant enrichment of H3K27me3 on the X chromosomes (Supplementary Figure S9b) . Instead, X chromosomes appeared to have less H3K27me3 than other chromosomes. In addition, H2AK119ub enrichment on the Xi was rarely detected in K562 cells, unlike in mouse ES cells (Supplementary Figure S9a) . Therefore, we did not investigate which motifs in XIST RNA are involved in chromatin modifications.
Allele-specific reactivation of X-linked genes
Our RNA-seq results from clones containing XIST deletions suggest that up-regulation of X-linked genes might be an indication that the Xi has been reactivated. However, due to limited allelic information about our cell line, we could not rule out up-regulation of the Xa. To overcome this problem, we performed RNA FISH of X-linked genes in SD6 clones containing deletions of exon 5 and compared the results to those in control cells. If a nascent transcript is detected and its signal overlaps with the XIST cloud, this finding confirms gene expression from the Xi. On the other hand, an RNA signal that does not overlap with the XIST cloud indicates gene expression from the Xa. For this experiment, we first selected eight genes with RPKM ≥ 3 and that were highly up-regulated in both SD6 clones (2-fold greater than in the control). Because BMX and PIR, and MAGEB2 and MAGEB1 are clustered on the X chromosome, we finally chose PIR and MAGEB2 as representative RNA FISH targets. For the PIR gene, an RNA signal was detected from the Xi in 16% of cells in the WT population (Xi + Biallelic expression). In SD6-10, we observed that the PIR transcript overlapped with the XIST cloud in 48% of the cells, indeed suggesting Xi reactivation ( Figure  5A ). Similar reactivation was seen in the other clone, SD6-7 (Supplementary Figure S10a) . On the other hand, the frequency of the MAGEB2 transcript from the Xi did not increase in the SD6 clones. This result might be due to technical limitations in our RNA FISH and RNA-seq; detecting a nascent transcript at the transcription site by RNA FISH requires on-going transcription, whereas RNA-seq is more likely to detect steady gene expression.
We next asked whether the observed reactivation of Xlinked genes resulted from the reactivation of Xi and not from the Xa by comparing relative minor allele frequencies (MAF) in parental and mutant clones containing biallelic deletions and displaying global reactivation on X chromosomes ( Figure 5B) . If the increased expression originated from Xi, then the MAF in mutant clones would be greater than that of the parental clones. To accurately find heterozygous alleles in K562 genomes, we performed a resequencing of the genomes with 30× coverage and called variants using HyplotypeCaller version 3.4 of the genome analysis tool kits (GATKs; see 'Whole genome sequencing and variant calling' in the 'Materials and Methods' section for more details). Of the 7335 resulting heterozygous alleles on the X chromosomes, 770 on the exons from reactivated Xlinked genes, expressed at more than 0.1 FPKM were subjected to an analysis of allele-specific expression (see 'Allelespecific expression analysis' in the 'Materials and Methods' section for more details). We found seven reactivated Xlinked genes (MSL3, JPX, TXLNG, HDAC8, BTK, RP11-706O15.1 and CXorf40A) that displayed allele-specific reactivation on Xi in clones in which X-linked genes are reactivated (Supplementary Figure S10b) ; MSL3, HDAC8 and TXLNG expression was recurrently observed across different clones (Supplementary Figure S10b) .
DISCUSSION
Although a large genomic deletion is a straightforward way to completely knockout long non-coding genes, a WD of a non-coding gene could accidently include the deletion of regulatory DNA elements for neighboring genes, such as enhancers. Thus, it is necessary to systematically perform segmental deletions of a non-coding gene, guided by a precise genomic map of the sequences encoding such regulatory DNA elements. In our study, we integrated XIST gene annotations and genomic elements of the locus from EN-CODE (31) and our BIGTranscriptome (32) maps, which enabled us to unambiguously design paired sgRNAs for segmental deletions. The resulting segmental deletions of the XIST RNA domains allowed us to examine the functional effects of the domains.
A pairwise sequence alignment demonstrated that the human XIST RNA sequence is highly or moderately conserved compared to the mouse Xist RNA except in exon 2, a human-specific exon; human exons 4 and 5 displayed a greater sequence similarity to the mouse Xist RNA (Supplementary Figure S10c ) than do the other exons. Despite the sequence similarity, in our study, human exon 5 specifically turned out to be important for XCI maintenance, but the function of mouse exon 6 (matched to human exon 5) remains unknown. In the mouse, exon 2, which is homologous with sequences in human XIST intron 1, and exon 5, which is absent in human XIST are dispensable for XCI (Supplementary Figure S10c) . The pairwise sequence alignment also demonstrates where the functional domains for Xist cloud formation and XCI map to human XIST. Of the mouse repeat elements in Xist RNA that are function- by XIST whole or segmental deletions, which derive a change in the MAF between G0/(A0+G0) in parent cells and G1/(A1+G1) in clones containing XIST deletions, where G0 is the minor allele frequency, A0 is the count-allele frequency in parental cells, and G1 is the frequency of the same allele as G0, and A1 is the frequency of the same allele as A0 in clones containing XIST deletions. Figure 6 . Summary of XIST functional elements discovered in this study. The relative location and effects of all 11 segmental deletions are shown in red for those that cause complete ablation of XIST expression (SD5), blue for those that either reduce or cause abnormal cloud formation or reactivate X-linked genes (SD4, 6, 9, 10, 11) and gray for those that have no effect (SD1, 2, 3 and 8) or for which the phenotype was not determined.
ally important for gene silencing and Xist cloud formation, repeats A and E similarly matched to the 5 part of exons 1 and 6 of human XIST, respectively. In contrast, repeats B and F are less well conserved between mouse Xist and human XIST (33, 34) . One of our most surprising results was that the segmental deletion of repeat A moderately affected XIST cloud formation but did not affect the global expression of X-linked genes, although previous studies reported that repeat A is important for XCI in mice. This finding is not due to the stability of XCI because our en bloc XIST deletions reactivated silenced genes on the Xi. This result may instead suggest that the silencing domain (repeat A) is involved, not in maintaining XCI, but in establishing XCI during early development or in XIST cloud formation. In addition, human repeat E seems to be important for both XIST cloud formation and XCI maintenance; murine repeat E, and repeats B, C and D, also appear to moderately affect XCI maintenance ( Figure 6 ). In summary, both similarities and differences between human XIST and mouse Xist were observed in terms of functional domains involved in cloud formation and XCI maintenance. To gain further understanding about the functional domains of human XIST in a mechanistic sense, RNA-binding proteins associated with the functional domains should be investigated in the near future.
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